Background: Many patients with liver malignancies are not candidates for resection, and systemic therapies are often not effective. Radioembolization (RE) is an alternative treatment for this group of patients. The safety and efficacy of RE with yttrium 90 (Y90) in patients with hepatocellular carcinoma (HCC) or metastatic colon cancer to the liver have been proven in several studies. However, fewer studies have focussed on the safety and efficacy of RE with Y90 in other extrahepatic primary and secondary liver cancers. The effect on outcomes of concomitant use of Y90 with a systemic therapy is still currently under investigation. Summary: A review of the published data on the use of RE as stand-alone, concomitant or sequential with other treatment modalities in HCC and other primary and secondary liver cancer is reported here. Key message: RE for the treatment of HCC and other extrahepatic, primary and secondary liver cancer has reasonable efficacy and acceptable toxicities. Definitive studies to establish the role of RE in the treatment of such malignancies are warranted.
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Office of Clinical Sciences, Duke-NUS Graduate Medical School, The Academia, Level 6, 20 College Road, 169856 (Singapore) Tel. +65 6576 7845, E-Mail pierce.chow@duke-nus.edu.sg 7 radiofrequency ablation (RFA) [3] [4] [5] [6] . Other therapies that have been shown to improve survival are transarterial chemoembolization (TACE) [7] and sorafenib [8, 9] . Radioembolization (RE) with yttrium 90 (Y90) is an emerging therapy for which good overall survival (OS) has been reported in selected patients with intermediate to advanced stage HCC [10] . To the best of our knowledge, there have been no randomised studies reported for Y90 in HCC, although a number of trials are ongoing [11, 12] . Y90 is a pure beta emitter with a 2.6-day half-life and an average tissue penetration of 2.5 mm in liver and in recent years, it has been used in RE [which is also known as selective intra-arterial radiotherapy (SIRT)] [13] . Two companies are currently engaged in the commercial production and distribution of Y90-labelled microspheres. TheraSphere ® , produced by BTG International (London), was approved by the Food and Drug Administration (FDA) in 1999 for the treatment of unresectable HCC, whereas SIR-Spheres ® by Sirtex Medical (Sydney), was approved by the FDA in 2002 [14] . In the Asia-Pacific region, Australia and Europe, SIR-Spheres are indicated for the treatment of patients with unresectable liver cancer. In the United States, SIR-Spheres with adjuvant inter-hepatic artery floxuridine chemotherapy are indicated for the treatment of unresectable metastatic liver tumours from primary colorectal cancer [15] .
RE for primary and secondary liver cancers involves the infusion of Y90-labelled microspheres directly to the tumour(s) via a hepatic artery catheter. The Y90-labelled microspheres are preferentially taken up by hypervascular hepatic tumours such as HCC, which derive 80-100% of their blood flow from the hepatic arterial system [14, 16] . Clinical usages of RE have expanded from the treatment of primary and secondary liver cancers to the treatment of extrahepatic tumours [14, 17] . RE has been used both as monotherapy as well as in combination with systemic agents such as sorafenib, it has also been used to downstage liver tumours for more definitive procedures such as transplantation, resection or RFA [12, 18] . A number of reports detailing the use of RE from a variety of clinical trials and experiential settings have demonstrated the safety and efficacy of RE in the treatment of HCC, metastatic colorectal cancers and neuroendocrine tumours (NETs) [19] [20] [21] . In this article, we review recent data on RE in the treatment of other primary liver cancers, extrahepatic cancers and metastatic liver cancers as well as the concomitant and sequential usages of RE with other treatment modalities.
Methods
A literature review of the PubMed database was conducted for studies published in English from 1994 to 2014 analysing the outcomes of RE in primary and secondary liver cancers. The key words "Yttrium 90," "radioembolization," "selective internal radiotherapy," "primary liver cancers" and "secondary liver cancers metastases" were used in the search for relevant studies that utilized RE.
Inclusion and Exclusion Criteria
Inclusion criteria were (1) reports on treatment with RE written in English; (2) clinical studies; (3) report outcomes that include OS, progression-free survival (PFS), objective response to treatment and toxicities; and (4) the provision of clear documentation of the studies. Exclusion criteria were (1) articles not written in English, (2) letters, editorials, expert opinions and technical notes and (3) non-human studies.
Outcomes of Interest and Complications
The primary outcome elucidated was OS. Secondary outcomes included tumour response (TR), progressive disease (PD) and toxicities.
Primary Liver Cancers Other than HCC

Cholangiocarcinoma
Although the current standard of care for intrahepatic cholangiocarcinomas (ICCs) is resection, ICCs are frequently diagnosed at an advanced stage not amenable to resection [22, 23] . Several locoregional therapies such as RFA, TACE and RE have been used for the treatment of ICC. Treatment with RFA is reported to have high recurrence rates, with low efficacy for tumours larger than 5cm [24] . Retrospective studies on TACE demonstrated survival benefits and tolerable toxicity. RE has also been reported in the treatment of ICCs, published data from five studies reporting the treatment with RE of unresectable ICCs showed median OS ranging from 9.3 to 22 months (table 1) [25] [26] [27] [28] [29] [30] . Survival benefits were reported to be highly dependent on the baseline tumour and patient characteristics [31] . Reported toxicities included fatigue, self-limiting abdominal pain, grade 3 hyper-bilirubinemia, grade 3 alkaline phosphatase toxicity, treatment-related gastroduodenal ulcers, grade 3 thrombocytopenia, transient abdominal pain, vomiting, anorexia and nausea [26] [27] [28] [29] [30] . These five studies suggested that RE is potentially efficacious and safe for the treatment of ICCs.
Sarcoma
Primary hepatic sarcoma is rare and difficult to treat [32, 33] . No other treatments have been shown to be comparable to surgical resection [34] . One study reported the use of RE in the treatment of primary hepatic sarcoma in 11 patients (table 1) [35] . The median OS was reported to be 8.7 months, with PR or CR of 72.7% and the most commonly reported toxicities were grade 1 fatigue and grade 1 abdominal pain [35] .
Secondary Liver Cancers other than from Colorectal Cancers
Metastases from Breast Cancer
Breast cancer is one of the leading causes of death worldwide, with approximately 5-20% of breast cancer patients eventually developing liver metastases [36] . Regardless of there being treatment options such as chemotherapeutic and hormone receptor-based therapies for breast cancer metastases to the liver (BRCLM), the treatment of choice for breast cancer still remains a dilemma. Four studies reported the median OS of BRCLM after RE ranging from 11.5 months to 14.2 months (table 1). Mild to moderate post-embolization syndrome of nausea, vomiting, fever and mild right upper quadrant pain occurred in almost all patients whereas severe toxicities like grade 1 to 3 gastrointestinal toxicities, stomach ulcers and sever hepatic failure were rare [36] [37] [38] [39] .
Metastases from Cervical Cancer
Although carcinoma of the cervix is one of the most common malignancies among women, metastases to the liver are rare [40] . Metastatic disease or recurrent lesions that are not amenable to local excision or regional radiation have poor prognosis and are often treated with palliative chemotherapy [41, 42] . The prognosis of patients with cervical cancer metastasizing to the liver is poor, with a median survival of 10 months [43] .
There are few reports on the use of RE in the treatment of liver metastasis from cervical cancer. A case report detailed the use of pre-operative chemotherapy and RE on a 53-year-old woman who had a history of cervical cancer and developed liver metastasis [44] . RE was administered twice which successfully downsized the hepatic lesion before the patient underwent further treatment with surgical resection. In this patient, no extrahepatic disease developed and the tumour was reported to be significantly reduced in size by 25% after the first RE, and further reduced to 10% of pretreatment size after the second RE [44] .
Metastases from Pancreatic Cancer
Hepatic recurrence from pancreatic cancer occurs in more than two-thirds of patients, accounting for one of the major causes of treatment failure in pancreatic cancer [45] . In addition to the current interdisciplinary approach that includes surgery, chemotherapy, radiation therapy and local therapeutic methods, RE has also demonstrated feasibility as a form of liver-directed therapy in cases of hepatic metastases from pancreatic cancer [46] .
Published data from two studies showed median OS of 9.0 months (range 0.9-53.0 months); and partial response (PR) in 60% of patients which was related to the baseline levels of carbohydrate antigen 19-9 and C-reactive protein (table 1) [45, 46] . In addition to short-term toxicities such as nausea, fatigue and abdominal pain, long-term toxicities such as ascites (21.4%) and liver abscesses (14.1%) were reported [46] .
Metastases from Lung Cancer
Hepatic metastases complicate approximately 6% of lung cancer cases at the time of diagnosis, and occur in up to 36% of patients over the course of the disease [47] . Current treatments for lung cancer metastasizing to the liver include chemotherapy and/or molecular targeted therapies and rarely, surgery [48] . Although RE is an emerging treatment for lung cancer that metastasizes to the liver, only few studies have focussed on the use of it. In a prospective study, OS of 2.7 months (range: 1-26 months) was reported for the treatment with RE on lung cancer metastasizing to the liver [49] . In a retrospective case study, disease-free survival ranged from 2 to 11 months was reported [50] . Reported toxicities included chest pain in 6% of the patients and worsening of pre-existing abdominal discomfort in another 6%.
Extrahepatic Cancers
Lung Malignancies
Therapeutic alternatives to chemotherapy are few in patients with lung metastases. A case report detailed the delivery of Y90-labelled microspheres via bronchial arteries in two patients [51] . The first patient was a 45-year-old woman with lung metastases from colorectal cancer who had PD following previous treatment with combination chemotherapy of leucovorin calcium, fluorouracil and oxaliplatin (FOLFOX), and surgical resection. The second patient was a 69-year-old man with lung metastasis from renal cell carcinoma who had undergone systemic treatment with sunitinib and sorafenib. He had PD with sunitinib and had severe side effects from sorafenib. Both patients were reported to have undergone successful RE of the lung lesions. The delivery of radioactive Y90-labelled microspheres to the lung was technically feasible and resulted in a reasonable absorbed dose in the tumours. Follow-up computed tomography for both patients showed partial remission of the lesions with no signs of lung pneumonitis or functional impairment.
Y90 Microspheres in Concomitant or in Sequential with Systemic Therapy
Emerging data indicate synergy between RE and systemic chemotherapy for liver tumour metastasizing from colorectal cancers and HCC [52] [53] [54] . A phase I study reported combination of RE with radio-sensitizing chemotherapy (oxaliplatin) for treatment of liver metastases from colorectal cancer in 20 patients [52] . PR was noted in 18 patients, SD in two patients and CR in one patient. Overall, result showed that combined RE with radio-sensitizing chemotherapy with oxaliplatin is well tolerated [52] .
Besides reports on concomitant treatments, there have also been completed and on-going HCC clinical trials on the sequential treatment of RE followed by systemic therapy [12] .
Published data from open-labelled, single arm trial which assessed the safety and efficacy of sequential treatment of RE followed by sorafenib for the treatment of HCC reported median OS being 20.3 and 8.6 month respectively for Barcelona Clinic Liver Cancer (BCLC) stage B and BCLC stage C patient [12] . The study provided evidence that there is potential efficacy and manageable toxicities of sequential treatment with RE and sorafenib [12] .
On top of clinical trials on concomitant treatment and sequential treatments, there are on-going clinical trials which compare mono-therapy against combination therapy. One such trial is a phase 3 trial currently recruiting patients from the United States, Canada and France. It evaluated the safety and effectiveness of Therasphere ® in combination with sorafenib against the standard of care sorafenib alone in patients with unresectable HCC [55] .
There are also trials comparing RE with other treatment modalities such as RFA and systemic therapy [11, 56] . An on-going phase two study randomized patient with HCC into two treatment arms, RFA followed by sorafenib or placebo against RE with sorafenib or sorafenib alone. This study aimed to evaluate sorafenib and local microtherapy [11] . Yet, another on-going phase three open-labelled randomized controlled trial currently recruiting patient with locally advanced HCC aimed to assess the overall survival between patients receiving RE against those receiving systemic therapy with sorafenib [56] .
Discussion and Conclusion
Although RE has been widely used in the treatment of HCC and liver cancer metastases from colorectal cancer and NETs, there is much less data on its application in other primary and secondary liver cancers [48] .
While some reports showed enhancement of outcome when RE is used in combination with other treatment modalities, there is no strong evidence. The result of on-going trial may support the benefit of RE in combination with other treatment modalities.
In this review, we summarised relevant reports on the use of RE for treatment of ICC, sarcoma and liver metastases from cervical cancer, pancreatic cancer, breast cancer and lung cancer, as well as for the treatment of primary lung malignancy. While reasonable OS has been reported for treatment with RE, there were also reported toxicities, some of which were serious, e.g., severe hepatic failure. There is a paucity of data from prospective studies: the majority of the published studies we reviewed were retrospective. A significant limitation is that the studies were rather heterogeneous in terms of patient demographics and study designs.
Overall, available data suggest that RE is potentially beneficial for patients with liver malignancies. Prospective studies are required to establish the precise role of RE in the armamentarium of therapies for liver cancers.
